In flowering plants, developing embryos reside in maternal sporophytes. It is known that maternal generation influences the development of next-generation embryos; however, little is known about the signaling components in the process. Previously, we demonstrated that Arabidopsis mitogen-activated protein kinase 6 (MPK6) and MPK3 play critical roles in plant reproduction. In addition, we noticed that a large fraction of seeds from mpk6 single-mutant plants showed a wrinkled seed coat or a burst-out embryo phenotype. Here, we report that these seed phenotypes can be traced back to defective embryogenesis. The defective embryos have shorter suspensors and reduced growth along the longitudinal axis. Furthermore, the cotyledons fail to bend over to progress to the bent-cotyledon stage. As a result of the uneven circumference along the axis, the seed coat wrinkles to develop raisin-like morphology after dehydration. In more severe cases, the embryo can be pushed out from the micropylar end, resulting in the burst-out embryo seed phenotype. Genetic analyses demonstrated that the defective embryogenesis of the mpk6 mutant is a maternal effect. Heterozygous or homozygous mpk6 embryos have defects only in mpk6 homozygous maternal plants, but not in wild-type or heterozygous maternal plants. The loss of function of MKK4/MKK5 also results in the same phenotypes, suggesting that MKK4/MKK5 might act upstream of MPK6 in this pathway. The maternal-mediated embryo defects are associated with changes in auxin activity maxima and PIN localization. In summary, this research demonstrates that the Arabidopsis MKK4/MKK5-MPK6 cascade is an important player in the maternal control of embryogenesis.
INTRODUCTION
Setting seeds is a critical part of the plant life cycle. In flowering plants, seed development begins after the double fertilization of ovules. The integument layers of ovules, which are diploid tissue from mother plants, develop into seed coats. Inside, zygotes undergo cell division and differentiation in a specific pattern to form a mature embryo, with one or two cotyledons, an embryonic stem and embryonic root (Goldberg et al., 1994; Meinke, 1995; Berleth and Chatfield, 2002; Jenik et al., 2007; Capron et al., 2009; Smet et al., 2010; van Dop et al., 2015; ten Hove et al., 2015) . The first cell division of zygotes is asymmetric, which results in a small apical cell with embryonic fate and a larger basal cell with mostly extra-embryonic fate.
The basal cell undergoes a series of transverse cell divisions and gives rise to a file of cells that form the suspensor, which is believed to be involved in providing nutrients and plant hormones to the developing embryo. The apical cell follows a specific pattern of cell division and differentiation. At the heart stage (approximately 4 days after fertilization in Arabidopsis), all principal elements of the plant body are established, including the shoot meristem, cotyledons, hypocotyl, and the root and root meristem. In the subsequent torpedo and bent-cotyledon stages of embryogenesis, the embryo continues to grow and accumulate sufficient nutrient reserves, either from its own photosynthesis or from maternal plants, to be used by the germinating seedling after a period of embryonic dormancy within the seed (Goldberg et al., 1994; Friml et al., 2003; Jenik et al., 2007; Capron et al., 2009; Kawashima and Goldberg, 2010) .
Seed development involves the coordination of three genetically distinct components: the diploid embryo, triploid extra-embryonic endosperm and surrounding maternal sporophyte (Sundaresan, 2005; Bleckmann et al., 2014) . At the early stages, embryos are non-photosynthetic, and rely on maternal plants for nutrients and plant hormones, e.g. auxin (Capron et al., 2009; Kawashima and Goldberg, 2010; Robert et al., 2013) . In addition, the gametophytic generation could also impact on embryonic patterning as a result of its specification of the polarity of the egg cell and, consequently, the zygote after fertilization (Yadegari and Drews, 2004) . Endosperm development is also dependent on an imprinting mechanism that is set up by the female gametophyte (Gehring et al., 2004) . At early embryogenesis, maternal gene expression dominates as a result of the downregulation of paternal alleles at loci throughout the genome via the chromatin siRNA pathway, linked to RNAdirected DNA and histone methylation, although many transcripts are biparentally represented (Autran et al., 2011) . Paternal contribution differs on a gene-by-gene basis, but increases as embryo development proceeds. The variation in the timing of gene function suggests that paternal genome activation does not occur in one early discrete step (Del Toro-De Leon et al., 2014; Wang and Kohler, 2017) .
Mitogen-activated protein kinase (MAPK, or MPK) cascades are key signaling modules in cell-cell communication, and the coordination downstream of cellular sensors/ receptors, such as receptor-like protein kinases (RLKs) (Xu and Zhang, 2015) . A typical MAPK cascade consists of three linked kinases, with MAPK(s) at the bottom tier. MAPK activity is regulated by their upstream MAPK kinase (s) (MAPKKs, or MKKs) through phosphorylation, and MAPKK activity is regulated in turn via phosphorylation by their upstream MAPKK kinases (MAPKKKs). MAPKKKs are connected either directly to cellular sensors/receptors or indirectly through additional signaling components (Tena et al., 2001; Zhang and Klessig, 2001; Ichimura et al., 2002; Hamel et al., 2006; Pitzschke et al., 2009; Rodriguez et al., 2010) . The first report implicating an MAPK cascade in Arabidopsis embryogenesis is the identification of YDA, an MAPKKK . In yda loss-of-function mutants, the zygote fails to elongate, and the cells of the basal lineage are eventually incorporated into the embryo instead of differentiating to the extra-embryonic suspensor. In the gain-of-function transgenic plants that express a constitutively active YDA mutant with N-terminal deletion (DN-YDA), apical cell identity is suppressed, which causes exaggerated growth of the suspensor. As a result, it is concluded that YDA functions as a molecular switch to promote the extra-embryonic fate of the basal cell. The phenotypes of both the loss-of-function yda and the gainof-function DN-YDA are likely to result from the disruption of normal asymmetric cell division Musielak and Bayer, 2014; Bayer et al., 2016) .
MPK3 and MPK6 are likely to function as a pair of redundant MAPKs downstream of YDA based on a similar mutant phenotype (Wang et al., 2007) . MPK3 and MPK6 play overlapping functions in signaling plant growth, development and response to biotic/abiotic stresses (Meng and Zhang, 2013; Xu and Zhang, 2015) . They are involved in several different processes in plant reproduction, including ovule development, pollen development and pollen tube guidance Guan et al., 2014a,b) . In an attempt to generate a double mpk3 and mpk6 mutant for loss-of-function analysis, we found that the mpk3 mpk6 double mutant is embryo lethal. Microscopic examination revealed abnormality at a very early stage after the first cell division of zygotes. Instead of an asymmetric cell division to form an apical cell and a basal cell, the products of the first cell division of mpk3 mpk6 zygotes were about equal in size, which developed into a group of disorganized cells, leading to aborted seeds (Wang et al., 2007) .
When we first identified mpk6 mutant alleles (Liu and Zhang, 2004; Wang et al., 2007) , we noticed that seeds from the mpk6 single mutant showed deformities with burst-out embryos or wrinkled seed coats, which were later reported by other groups (Bush and Krysan, 2007; L opezBucio et al., 2014) . In this study, we revealed that these seed phenotypes are the results of defective embryogenesis. More importantly, we demonstrated that the embryo defect in the mpk6 mutant is a maternal effect. Heterozygous mpk6/+ or homozygous mpk6 embryos may have embryo/seed phenotype only in mpk6 homozygous maternal plants, but not in wild-type or heterozygous mpk6/+ maternal plants. Both the burst-out embryo and raisin-like seeds can germinate, but the seedlings have reduced root growth or show a rootless phenotype. The loss of function of both MKK4/MKK5 also results in the same phenotype, suggesting that MKK4/MKK5 might act upstream of MPK6 in the same pathway. The maternal-mediated embryo defects observed in mpk6 plants are associated with changes in auxin activity maxima and PIN localization.
RESULTS
Loss of function of MPK6 results in seeds with exposed embryos or wrinkled seed coats When we collected seeds from the homozygous mpk6 mutant plants that we identified (Liu and Zhang, 2004) , we noticed seeds with burst-out embryos or wrinkled seed coats (Figure 1c-f) , a phenotype later reported by two independent groups (Bush and Krysan, 2007; L opez-Bucio et al., 2014) . A fraction of the seeds from mpk6-2 plants had embryos that had burst out of the seed coats (Figure 1c) . Close examination revealed that the burst-out embryos failed to reach the bent-cotyledon stage. Instead, they stayed at the torpedo stage, but grew much bigger (Figure 1d ). In addition, there were also seeds with wrinkled seed coats (Figure 1e ), a raisin-like morphology previously reported (L opez-Bucio et al., 2014) . The percentage of burst-embryo seeds was approximately 5% under our growth conditions, and the raisin-shaped seeds represented about 30%. An independent MPK6 mutant allele, mpk6-3 had the same phenotype ( Figure S1 ). Table 1 shows the quantitative results from representative experiments.
MPK3 plays redundant functions with MPK6 in a number of developmental processes, despite playing a lesser role in comparison with MPK6 (Wang et al., 2007 . The single mutation of MPK3 resulted in a slight increase in raisin-like seeds, despite not being very significantly different from the wild-type control ( Figure 1b ; Table 1 ). It is possible that the phenotype of the mpk3 mutation would be more obvious in the sensitized background when MPK6 is mutated; however, at this stage we are unable to examine this because the mpk3 mpk6 double mutant is embryo lethal at a very early stage (Wang et al., 2007) . In addition, mpk3/+ mpk6 plants are female sterile and do not set seeds . As a result, we could not examine the effect of MPK3 mutation in the mpk6 mutant background to determine whether there is an enhancement of seed phenotypes after MPK3 mutation. We examined the seeds from mpk6/+ and mpk3 mpk6/+ plants and no defective seed phenotype was observed ( Figure S2 ; Table 1 ), suggesting that homozygous mutation of MPK6 is required for the seed phenotype.
MKK4/MKK5 are likely to act upstream of MPK6 in controlling seed morphology and size MKK4/MKK5 have been shown to function as a pair of redundant MAPKKs upstream of MPK3 and MPK6 in a number of biological processes (Asai et al., 2002; Wang et al., 2007; Cho et al., 2008; Xu et al., 2008 Xu et al., , 2016 Meng et al., 2012 Meng et al., , 2015 Meng et al., , 2016 . As a result, we examined the seed morphology of mkk4 and mkk5 single and mkk4 mkk5 double mutants. Neither single mutant had the abnormal seed phenotype. In contrast, the loss of function of both MKK4/ MKK5 resulted in a phenotype very similar to that of mpk6. In the mkk4 mkk5 double mutant, more than 21% of the seeds showed a burst-embryo phenotype, and about 35% of the seeds showed a raisin-like wrinkled seed coat morphology (Figure 1g-j The seed phenotype of the mkk4 mkk5 double mutant was more severe than that of the mpk6 single mutant. There were higher percentages of seeds that showed burst-out embryo and raisin-shaped phenotypes (Table 1) , suggesting the involvement of additional downstream MAPK(s), possibly MPK3 in the same pathway. Similar to the mpk3 mpk6 double mutant, the complete loss of both MKK4/MKK5 resulted in an embryo-lethal phenotype based on the analysis of MKK4/MKK5 tandem RNAi transgenic plants (Wang et al., 2007) . The double mkk4 mkk5 mutant used in this study was generated by crossing mkk4-18 and mkk5-18 TILLING alleles (Zhao et al., 2014) after the er105 mutation was removed. Mutant allele mkk4-18 has a Pro240 to Ser240 substitution. Mutation at this conserved position in the catalytic domain of MKK4 reduced its kinase activity by~90% based on an in vitro kinase assay. Mutant allele mkk5-18 has a premature stop codon at Arg72, and is therefore a null mutant. The residual activity of the mkk4 mkk5 double mutant is sufficient to support close to normal growth and development of the double mutant plants, with the exception of a smaller stature ( Figure S3 ). They also had short fruits and pedicles, clustered inflorescence and a flower petal abscission defect ( Figure S3 ), consistent with previous conclusions based on weak MKK4/ MKK5 tandem RNAi plants (Cho et al., 2008; Meng et al., 2012) . The complete loss of function of MPK3/MPK6 or MKK4/MKK5 results in a more severe phenotype at early stages of embryo development, including the defective first cell division of zygotes, thereby preventing the examination of seed development phenotypes in the double knock-out mutants.
Oryza sativa (rice) MPK6 and its upstream MKK4, which are orthologous to Arabidopsis MPK6 and MKK4/MKK5, respectively, are involved in determining seed size. Mutation of either one leads to a small seed phenotype in rice (Duan et al., 2014; Liu et al., 2015) ; however, it was reported that a fraction of Arabidopsis mpk6 seeds were bigger than the wild-type seeds, and they germinated and grew to seedlings with longer roots (L opez-Bucio et al., 2014). As a result, we measured the length and width of seeds from mpk6 and mkk4 mkk5 mutant plants. In this experiment, only seeds with normal morphology, but not the burst-out embryo or raisin-shaped seeds, were measured. As shown in Figure 2 , mpk6 seeds were the same size in both length and width as the wild type. In contrast, mkk4 mkk5 seeds were a little shorter in length, but had the same width, resulting in seeds with a slightly rounded appearance in comparison with the wild type ( Figure 1j ). The smaller seed phenotype of mkk4 mkk5 is similar to that in rice. The lack of a seed-size phenotype in the Arabidopsis mpk6 single mutant is probably the result of functional redundancy of MPK3; however, because of female sterility in mpk3/+ mpk6 and embryo lethality in mpk3 mpk6, we could not examine the seed size of mpk3/+ mpk6 or mpk3 mpk6 mutants.
Abnormal mpk6 and mkk4 mkk5 seeds are viable and can germinate, but are rootless or have shorter roots Seeds with either burst-out embryos or raisin morphology could germinate on MS plates. Burst-out embryos mostly stayed at the torpedo stage, although grew to a much bigger size (Figure 1d , h). On plates, they developed much slower than the wild type (Figure 3d ), and could grow/develop to maturity in soil ( Figure S4 ). Raisin seeds had better developed embryos and grew/developed faster than seeds with burst-out embryos; however, their roots varied from rootless to close to wild-type morphology, but in general were shorter than the roots of the wild-type looking seedlings (Figure 3a -c). Normal looking mpk6 seeds germinated and grew to seedlings that were indistinguishable from the wild type ( Figure 3a) . Again, under our experimental conditions, we did not observe mpk6 seedlings with longer roots than the wild type, which is in contrast to a previous report (L opez-Bucio et al., 2014) . When we compare the phenotypes of seeds/seedlings, we always use seeds from plants that were grown together and harvested at the same time. We observed the same phenotypes in mkk4 mkk5 seeds with abnormal morphology. The seeds with exposed embryos could also germinate, but the growth of the seedlings was delayed ( Figure S4 ). Furthermore, the seedlings were rootless ( Figure 3h ). The raisin-shaped seeds were close to normal, except with varying degrees of short-root to rootless phenotypes (Figure 3e-g ). The normal-looking seeds geminated and grew to seedlings with slightly smaller cotyledons and slightly shorter roots (Figure 3f ), possibly as a result of smaller seeds (Figure 2 ).
Seed phenotypes of the mpk6 single mutant and the mkk4 mkk5 double mutant can be traced back to defective embryogenesis
To determine whether the burst-embryo and raisinshaped seed phenotypes are results of defective embryogenesis, we examined embryos of the mpk6 mutant at different stages after fertilization. As shown in Figure 4 , a fraction of the zygotes in self-fertilized ovules of mpk6 plants showed abnormal first cell division. Instead of an asymmetric cell division that generates a small apical cell that develops to the embryo and a larger basal cell that develops to the suspensor in the wild type (Figure 4a ), these mpk6 zygotes underwent an almost equal cell division, resulting in very short basal cells (Figures 4b and Figure S5 ) and embryos with a shorter suspensor at the later stages (Figure 4d and f). It was also obvious that the embryos showed delayed development, and that the patterning of embryo development was abnormal. When wild-type embryos reached the heart stage (Figure 4e ), the mutant embryos were at the globule stage (Figure 4f ), and when wild-type embryos reached the bent-cotyledon stage (Figure 4g ), Figure 2 . Wild type-looking mpk6 mutant seeds are of the same size as those of the wild type, whereas the wild type-looking mkk4 mkk5 mutant seeds are a little bit shorter. Seed length (upper panel) and width (lower panel) of wild type (Col-0), the mpk6 single mutant and the mkk4 mkk5 double mutant plants were measured. Seeds were harvested from plants that were grown together under the same conditions. Only seeds with wild-type morphology were compared. Values are means AE SDs (n > 300). **P ≤ 0.01. Wild type-like (sections in a and e), raisin-like (b, c, f and g) and burst-embryo (d and h) seeds from mpk6-2 single (a-d) and mkk4 mkk5 double mutant (e-h) plants were germinated together with wild-type Col-0 seeds (sections in a and e). At 8 days after germination, representative seedlings were pulled out and laid on their sides on a fresh plate for imaging. Col-0 seedlings in (a) and (e) were the same seedlings. Enlarged pictures of the seedlings from raisin-like and burstembryo mpk6-2 (c and d) and mkk4 mkk5 (g and h) seeds are shown to illustrate the rootless phenotype. Scale bars: a, b, e, f, 10 mm; c, d, g, h, 0.5 mm. the mutant embryos were still at the torpedo stage and showed various defects (Figure 4h-j) .
At the later stages of embryogenesis, these abnormal mpk6 embryos grew bigger in size, but stayed at a stage similar to the torpedo stage and the cotyledons failed to bend at the junction between cotyledons and the hypocotyl. Because the two cotyledons and hypocotyl maintained a straight in-line position (Figure 4i and j) , some of the embryos were eventually pushed out of the seeds coats from the micropylar end by the expanding cotyledons, and became exposed, forming seeds with burst-out embryos (Figure 4h ). In the less severe cases, the embryos stayed inside seed coats. After dehydration, the seed coats became wrinkled as a result of different diameters at the cotyledon end and hypocotyl end. In some seeds compression of cotyledons and hypocotyl could be observed (Figure 4i) , a result of the axis of the embryos remaining straight and the limited space in the seed coats. Occasionally, seeds with three cotyledons were observed (Figure 4j) . We also noticed that the hypocotyl of these defective embryos had an increased diameter and were shorter, a result of the increased width of cortex cells and reduced cell division along the longitudinal axis ( Figure S6 ), which could prevent the embryos from bending over to advance to the bent-cotyledon stage. Sometimes embryos failed to grow large enough to fill the seed coats, which could result in seeds with raisin-like morphology as well. An independent mpk6 allele, mpk6-3, had identical phenotypes ( Figure S7 ). We quantified the percentage of abnormal embryos at each developmental stage. As shown in Figure 6 , the abnormal embryos at single-cell, globular, heart and cotyledon stages remained at a stable~40%, which is about the same as the sum of burst-out embryo and raisin-sharped seeds, suggesting that the abnormal seeds resulted from abnormal embryo development.
We observed identical defects in embryogenesis in the mkk4 mkk5 double mutsant embryos ( Figure 5 ). A fraction of mkk4 mkk5 zygotes underwent an almost equal cell division, resulting in very short basal cells (Figure 5b and Figure S5 ) and embryos with a shorter suspensor at the later Nomarski images of cleared whole-mount Col-0 wild-type seed (g), mpk6-2 seed with a burst-out embryo (h), mpk6-2 seed with cotyledons that failed to bend (i) and mpk6-2 seed with a three-cotyledon embryo (j). Scale bars: a-f, 50 lm; g-j, 100 lm.
stages (Figure 5d and f). These embryos showed delayed development and abnormal patterning. Again, they grew bigger in size, but stayed at a stage similar to the torpedo stage, and the cotyledons failed to bend at the junction between cotyledons and the hypocotyl (Figure 5h-j) . As a result, some embryos were pushed out of the seed coats, forming seeds with burst-out embryos (Figure 5h ) or wrinkled seeds after dehydration. Again, seeds with three cotyledons could be observed (Figure 5j) . Abnormal embryos at single-cell, globular, heart and cotyledon stages stayed constant, at~60% (Figure 6 ), which is about equal to the sum of burst-out embryo and raisin-sharped seeds from the mkk4 mkk5 double mutant plants.
The seed coat is developed from integuments of the ovule after fertilization. Previously, we demonstrated that the mpk3/+ mpk6 mutant has defective integument development, which leads to female sterility in mpk3/+ mpk6 plants . The seed phenotypes reported here are not a result of defective seed coats. We measured the sizes (length and width) of seed coats of mpk6 and mkk4 mkk5 mutants at different stages of embryo/seed development. No difference in seed coat size was observed between the developing seeds with normal and abnormal embryos in mpk6 or mkk4 mkk5 mutants ( Figure S8 ).
Reciprocal cross analysis revealed that the role of MKK4/ MKK5-MPK6 in embryogenesis is a maternal effect When we performed the reciprocal crosses to determine the transmission rates of pollen grains from mpk3, mpk6, mpk3/+ mpk6 and mpk3 mpk6/+ plants (Guan et al., 2014a) , we observed defective embryos/seeds when emasculated mpk6 flowers were pollinated with pollen from wild-type plants. This observation suggests that the defective embryos/seeds seen in mpk6 plants might not be a result of the genotype of the embryos, but of the genotype of the maternal plants. To confirm this observation, we compared the frequencies of abnormal embryos in progeny from the hand-pollinated mpk6 plants (i.e. emasculated mpk6 flowers pollinated with pollen from mpk6 plants to serve as a control for the reciprocal crosses) and Nomarski images of cleared whole-mount Col-0 wild-type seed (g), mkk4 mkk5 mutant seed with a burst-out embryo (h), mkk4 mkk5 mutant seed with cotyledons that failed to bend (i) and mkk4 mkk5 mutant seed with a three-cotyledon embryo (j). Scale bars: a-f, 50 lm; g-j, 100 lm.
the reciprocal crosses of mpk6 and the wild type. A high percentage of abnormal embryos were observed when pollen from wild-type plants was used to pollinate the emasculated mpk6 flowers (Figure 7a , lower panels). In contrast, abnormal embryo development was rarely observed when pollen from mpk6 plants was used to pollinate the emasculated wild-type flowers (Figure 7a , upper panels), with a ratio similar to that in the hand-pollinated wild-type (Col-0) plants (Figure 7b ). The embryos/seeds have the same genotype (mpk6/+) in both directions of the reciprocal crosses between Col-0 and mpk6. The high ratios of embryo development defects in progeny from emasculated mpk6 flowers pollinated with wild-type pollen suggest that the phenotype observed in self-pollinated mpk6 plants is a maternal effect. In the meantime, the ratio of defective heterozygous embryos (mpk6/+) from emasculated mpk6 flowers pollinated with wild-type pollen was lower than that of homozygous embryos (mpk6) from emasculated mpk6 flowers pollinated with mpk6 pollen (Figure 7b ), suggesting a zygotic effect. As homozygous mpk6 embryos in self-pollinated heterozygous mpk6 plants did not show defective embryogenesis (Table 1) , we can also conclude that the homozygous mpk6 maternal genotype is a prerequisite. Reciprocal crosses between mpk6-3, another independent mpk6 allele, and Col-0 gave the same results ( Figure S9 ). Similarly, reciprocal crosses between Col-0 and the mkk4 mkk5 double mutant demonstrated that the defective embryogenesis observed in mkk4 mkk5 self-pollination is a result of a maternal effect as well (Figure 8 ). Abnormal embryo development was observed at a much higher frequency when pollen from wild-type plants was used to pollinate the emasculated mkk4 mkk5 flowers (Figure 8a , lower panels), but not in the other direction of the reciprocal cross (Figure 8a , upper panels). The ratio of abnormal embryo development from wild-type male and mkk4 mkk5 female crosses was again lower than that in the hand-pollinated mkk4 mkk5 mutant plants (Figure 8b) , suggesting that the phenotype observed in self-pollinated mkk4 mkk5 plants is a combination of a maternal effect and a zygotic effect, similar to that observed in the mpk6 mutant. Embryo development in the F 2 generation from F 1 seeds of reciprocally crossed mpk6 single and mkk4 mkk5 double mutants were all normal ( Figure S10 ), again confirming that the maternal effect is a prerequisite for the zygotic effect to give rise to defective embryos/seeds in mpk6 single and mkk4 mkk5 double mutants.
Embryogenesis defects of mpk6 and mkk4 mkk6 mutants are associated with changes in auxin maxima and PIN localization Auxin plays critical roles in almost every step of embryo development (Moller and Weijers, 2009; Robert et al., 2013; van Dop et al., 2015; ten Hove et al., 2015; Bayer et al., 2016) . To determine whether the defective embryogenesis in the mpk6 mutant is related to auxin, we crossed auxin activity reporter DR5rev:GFP into the mpk6 background. Approximately 60% of the embryos from mpk6 plants develop normally (Figure 6 ), and they had normal auxin activity, as in wild-type plants (Figure 9a and b) . Maximal GFP expression was observed in the root apical meristem (RAM) area and the tips of the two cotyledons of the embryos (where the future hydathodes are located); however, abnormal auxin activity maxima were observed in the defective embryos (Figure 9c and d) . In these embryos areas with high GFP expression were visible, but they were not associated with a specific domain of the embryos. Based on these results, we speculate that MPK6 is involved Figure 6 . Ratios of abnormal embryos in mpk6 and mkk4 mkk5 mutants stay constant throughout embryo/seed development. Siliques with embryos at the single-cell, globular, heart and cotyledon stages were dissected and cleared for embryo phenotyping. At least three siliques with more than 100 embryos were examined to obtain a ratio of abnormal embryos. Triplicates were performed for statistical analysis at each stage. Values are means AE SDs (n = 3). Different lowercase letters above the columns indicate statistically different groups (P < 0.01).
in the regulation of auxin activity in developing embryos, which then controls the embryogenesis. Alternatively, it is possible that the MPK6 cascade and auxin function independently in embryogenesis. The organization of these abnormal mpk6 embryos is disrupted to the extent that normal auxin synthesis, transport and/or activity could no longer be maintained.
We also pollinated emasculated mpk6 DR5rev:GFP flowers with wild-type pollen grains to examine the maternal effect on auxin activity. As shown in Figure 9e , mpk6/+ embryos that developed normally had normal auxin maxima. In contrast, the abnormally developed mpk6/+ embryos were associated with an abnormal pattern of auxin activity (Figure 9f-h) , demonstrating that the abnormal auxin maxima in mpk6 mutant embryos are also a result of maternal effect. The abnormal auxin activity in embryos from mpk6 flowers pollinated with wild-type pollen grains was also associated with abnormal PIN1 expression pattern. As shown in Figure 10 (b) and (c), PIN1 expression in abnormal embryos from mpk6 flowers pollinated with wild-type pollen showed a more compressed expression pattern along the axis of the embryos in comparison with that in the normally developed embryos (Figure 10a) . The compressed expression pattern in these abnormal embryos is in accordance with the less pronounced cotyledon and hypocotyl development. In addition, it is possible that expanded radiance of PIN1 expression is a cause of the increased diameter of the hypocotyl, which prevents the embryos from bending over to advance to the bent-cotyledon stage. As a result, altered auxin activity as indicated by DR5 activity (Figure 9 ) could be a result of disrupted PIN1 distribution in the abnormal mpk6 embryos.
Similarly, when we pollinated emasculated mkk4 mkk5 DR5rev:GFP flowers with wild-type pollen grains to examine the maternal effect on auxin activity, mkk4/+ mkk5/+ embryos that developed normally had normal auxin maxima. In contrast, the abnormally developed mkk4/+ mkk5/+ embryos were associated with an abnormal pattern of auxin activity ( Figure S11a-d) , demonstrating that the abnormal auxin maxima in mkk4 mkk5 mutant embryos are also a result of maternal effect. The abnormal auxin activity in embryos from mkk4 mkk5 flowers pollinated with wild-type pollen grains was also associated with abnormal PIN1 expression pattern ( Figure S11e-h ).
Defective mpk6 embryos are associated with altered cell identity markers
Both the burst-out embryo and raisin-shaped seeds could germinate ( Figure 3) ; however, some of them failed to develop roots (Figure 3c ). To determine whether the abnormal mpk6 embryos have altered cell identity specification, we crossed SCARECROW (SCR) reporter (SCR Pro:YFP) into the mpk6 background. SCR is expressed in the cortex/endodermis initials, the quiescent center (QC) and the endodermal cell lineage (Di Laurenzio et al., 1996; Wysocka-Diller et al., 2000; Sabatini et al., 2003) . It regulates the radial patterning of root and shoot during embryogenesis as well as post-embryonically. As shown in Figure 10 (d), morphologically normal embryos had normal SCR expression patterns. In contrast, defective mpk6 embryos showed distorted SCR expression (Figure 10e and f) . We further examined the QC reporter (QC25pro:GUS). During embryogenesis, the formation of the QC is critical to the development of normal RAM in the embryos and primary root after germination (ten Hove et al., 2015) . In mpk6 QC25pro:GUS flowers pollinated with wild-type pollen, QC25 expression, which marks the QC region, was absent in the abnormal embryos (Figure 10h and i), whereas the normally developed embryos had proper QC25 expression (Figure 10g ).
DISCUSSION
Arabidopsis MKK4/MKK5, and their downstream MPK6, and possibly MPK3, play an important role in embryogenesis. The loss of function of MPK6 leads to seeds with exposed embryos or wrinkled seed coats, as a result of abnormal embryogenesis. In contrast, seed coat development from integuments is normal. These defective embryos show delayed development and are compressed along the longitudinal axis. In addition, they fail to advance to the bent-cotyledon stage. Together, they cause the embryos to be pushed out of the seed coat, forming seeds with exposed embryos. Other defective embryos stay inside the seed coats, but are squeezed because the embryos fail to bend over. As a result of unequal circumferences between the end with two cotyledons and the end with the hypocotyl, the seed coats become wrinkled after dehydration. Genetic analyses based on reciprocal crosses and selfing populations demonstrated that the defective embryogenesis of mpk6 is a maternal effect. Heterozygous mpk6/+ embryos have the embryo phenotype only in mpk6 homozygous maternal plants ( Figure 7 , Table 1 ). The severe knockdown of MKK4 and loss of function of MKK5 also results in the same phenotypes, suggesting that MKK4/ MKK5 might act upstream of MPK6 in this pathway. Finally, we showed that the maternal-mediated embryo defects observed in mpk6 single and mkk4 mkk5 double mutant plants are associated with changes in auxin activity maxima and PIN localization.
YDA functions upstream of the MKK4/MKK5-MPK3/ MPK6 module in several other developmental processes, including stomatal formation and ERECTA-mediated localized cell division (Bergmann et al., 2004; Wang et al., 2007; Meng et al., 2012; Musielak and Bayer, 2014) . The loss-offunction yda mutant has stronger phenotypes than the mpk6 single mutant or the mkk4 mkk5 double mutant used in this study. Homozygous yda plants are severely dwarfed and sterile on both male and female sides Wang et al., 2007) . As a result, we could not examine the embryo/seed development in yda homozygous plants. Furthermore, we could not perform reciprocal crosses using yda homozygous plants to gain experimental evidence to support its function in the maternal control of embryogenesis. We observed that seeds collected from yda/+ plants also contain a fraction of seeds with burst-out embryos ( Figure S12 ; Table 1 ), which is consistent with the previous report . To determine whether this is a maternal effect, we performed reciprocal crosses of yda/+ plants and Col-0 plants. As shown in Figure S13 , no increase in abnormal embryos was observed in either direction, suggesting that the defective embryos in yda/+ plants are not a result of a maternal effect. For this reason, it is unclear now whether YDA is the MAPKKK upstream of MKK4/MKK5 in the MPK3/MPK6 cascade that plays a role in the maternal control of embryo development.
Several molecular networks control cell division and patterning during embryogenesis (Goldberg et al., 1994; Capron et al., 2009; Smet et al., 2010; ten Hove et al., 2015; Bayer et al., 2016) . Among them, auxin has emerged as a plant hormone that plays a prominent role in embryo development. Most pattern formation steps in the early Arabidopsis embryo depend on auxin biosynthesis, transport and response (Weijers and Jurgens, 2005; Moller and Weijers, 2009; Robert et al., 2013; Wang et al., 2015; Weijers and Wagner, 2016) . Apical-to-basal transport of the hormone auxin is initiated at the early globular stage, and plays a key role in defining the main axis of the embryo as well as promoting the formation of the central vasculature (Friml et al., 2003; Weijers et al., 2006; Rademacher et al., 2012; Robert et al., 2013; Wendrich and Weijers, 2013) . We observed altered PIN1 distribution and DR5 reporter activity in the abnormal mpk6 embryos (Figures 9 and 10) , suggesting that this MAPK cascade could modulate either auxin biosynthesis or transport, and therefore the local auxin activity, which in turn affects embryogenesis and seed development. Recently, it was reported that the MKK7-MPK6 cascade controls shoot branching by phosphorylating Ser 337 on PIN1, which affects the basal localization of PIN1 in xylem parenchyma cells and polar auxin transport in the primary stem (Jia et al., 2016) . A similar signaling process could be carried out by MKK4/MKK5-MPK6 during embryogenesis. It is possible that different MAPKKs are involved in controlling MPK6 activation depending on the ligand/receptor involved, and therefore allowing for a more specific control of MPK6 activation and the regulation of auxin activity in different biological processes. In addition to the possibility that they function together in a linear pathway, the MKK4/MKK5-MPK6 cascade may regulate pattern formation in the developing embryos independently of the auxin pathway. Together, they ensure that normal cell division and differentiation patterning proceeds during embryo/seed development. A lack of MAPK signaling could cause defective cell differentiation and pattern formation, which indirectly changes the auxin activity, simply as a result of the change in cell identity in the mpk6 single mutant or the mkk4 mkk5 double mutant. Maternal-mediated embryo/seed defects in mpk6 and mkk4 mkk5 mutants are not fully penetrant, which could be caused by unknown interactions with genetic, epigenetic and/or environmental factors. It can be envisioned that normal embryo/seed development requires the activation of this MAPK cascade at a specific time with a certain level of strength, and failure to reach this threshold could result in abnormal phenotypes. It is known that MPK3/ MPK6 signaling has a gene-dosage effect , which is a reflection of the signaling threshold of a specific event at the biochemical level. In addition, different processes have differential signaling thresholds. For instance, the clustered stomatal phenotype is only observed in mpk3 mpk6 double mutant plants, but not in mpk3/+ mpk6 or mpk3 mpk6/+ plants. In contrast, mpk3/ + mpk6, but not mpk3 mpk6/+, plants have a female-sterile phenotype as a result of an integument defect (Wang et al., 2007 . It is possible that mpk3/+ mpk6 and mpk3 mpk6 plants would have demonstrated stronger and more complete maternal-mediated embryo phenotypes than the mpk6 single mutant; however, because mpk3/+ mpk6 plants are sterile as a result of a female sporophytic effect and mpk3 mpk6 is defective at the first cell division of the zygotes, and is embryo lethal (Wang et al., 2007) , it is not possible to examine whether they have a stronger and/or fully penetrant phenotype. Currently, it is unclear how this MAPK cascade carries out its role in the maternal control of embryogenesis. It may function in the nutrient/hormone supply from the maternal plants and/or the communication between maternal plants and the next-generation embryos. In flowering plants, embryos are embedded in seed coats derived from integuments, a maternal sporophytic tissue that surrounds the female gametophyte. At the early stages, Arabidopsis embryos are non-photosynthetic. Nutrients for energy and building materials that support embryo development are coming from maternal plants (Capron et al., 2009; Kawashima and Goldberg, 2010; Robert et al., 2013) . In addition, auxin that plays important roles in early embryo development is believed to come from maternal plants at the early stage of embryogenesis. Only after the globular stage are the embryos able to synthesize their own auxin as a result of TAA1/YUC expression at the proembryo apex (Robert et al., 2013) .
Because no embryo/seed defect is observed in mpk6/+ plants, which produce 50% mpk6 female gametes, we can also exclude the possibility that the maternal effect of mpk6 mutation is a result of female gametogenesis, which may influence the polarization of the zygote and early embryogenesis after fertilization (Yadegari and Drews, 2004; Bleckmann et al., 2014; ten Hove et al., 2015; Bayer et al., 2016) . Recently, central cell-derived EMBRYO SUR-ROUNDING FACTOR 1 (ESF1) peptides were shown to function upstream of SHORT SUSPENSOR (SSP), possibly as ligands, to regulate the early embryo patterning mediated by YDA (Bayer et al., 2009; Costa et al., 2014) . ESF1 peptides are maternal factors that act in a non-cell-autonomous manner. It is interesting that SSP is a paternal factor, and is produced from paternal transcripts upon fertilization, which triggers zygotic YDA activity and regulates early embryo patterning (Bayer et al., 2009) . If ESF1 peptides are indeed ligands of the SSP receptor kinase, their interaction will have to occur after fertilization, which will then activate the YDA pathway. This is not consistent with the function of MKK4/MKK5-MPK6 in embryo/seed development described in this report, unless YDA is not upstream of MKK4/MKK5-MPK6 in this pathway. At this stage, there is no direct evidence to support that YDA is a maternal factor. Further studies are needed to fully understand the molecular mechanism(s) underlying the critical role of this MAPK cascade in the maternal control of embryogenesis.
EXPERIMENTAL PROCEDURES Plant materials and growth conditions
Mutant and wild-type plants of the Arabidopsis thaliana Columbia (Col-0) ecotype were used in all experiments. T-DNA insertion alleles of MPK3 (At3 g45640), mpk3-1 and MPK6 (At2 g43790), and mpk6-2 and mpk6-3, were described previously (Wang et al., 2007) .
Mutant plants of mpk3/+ mpk6/+, mpk3 mpk6/+ and mpk3/ + mpk6 genotypes were generated by crossing mpk3-1 and mpk6-2. The genotyping of mutant alleles was performed as described previously (Wang et al., 2007) . The T-DNA insertion mutant of YDA was obtained from the Arabidopsis Biological Resource Center (ABRC, https://abrc.osu.edu; SALK_105078; Alonso et al., 2003) . The mkk4 mkk5 double mutant used in this study was generated by crossing mkk4-18 and mkk5-18 tilling alleles after the er105 mutation was removed (Zhao et al., 2014) .
Seeds were plated on half-strength Murashige and Skoog medium with 0.45% PhytoAgar after surface sterilization and imbibing at 4°C for 3 days. Plates were incubated in a tissue culture chamber at 22°C under continuous light (70 lE m À2 s
À1
) for 7 days. Seedlings were then transplanted to soil and grown in a growth chamber with a 14-h light/10-h dark cycle.
Measurement of seed size and seed coat size
Developing seeds were dissected from siliques, cleared and examined using a Nikon Eclipse 80i microscope equipped with Nomarski optics. Images of developing seeds with embryos at different stages were taken. Length and width of seed coats were measured using IMAGEJ after the scale tool was set to establish a 100-lm reference on the images. For measuring seed size, images of dried seeds were taken using a Nikon dissecting microscope (http://www.nikon.com). IMAGEJ was then used to determine the length and width of dried seeds after the scale tool was set to establish a 1-mm reference on the images.
Histochemical analysis and microscopy
For Nomarski microscopy of cleared seeds, seeds were removed from siliques and cleared for 5 min-12 h in a drop of clearing solution [66% (w/v) chloral hydrate, 24% (v/v) water, 10% (w/v) glycerol] on a microscope slide. Seeds at later stages of development required more time for clearing. Cleared seeds were examined using a Nikon Eclipse 80i microscope equipped with Nomarski optics.
For GUS expression assays, tissues were incubated in GUS staining solution (10 mM EDTA, 0.1% Triton X-100, 2 mM potassium ferricyanide, 2 mM sodium phosphate buffer, pH 7.0) at 37°C. After staining, the solution was replaced with 75% ethanol to remove chlorophyll. GUS expression was examined using a Nikon Eclipse 80i microscope (Mao et al., 2011) .
For confocal microscopy, wild-type and mutant embryos expressing PIN1-GFP or DR5rev:GFP were dissected from seeds at different developmental stages and mounted in an 10% (v/v) glycerol solution.
Statistical tests
All experiments were repeated independently at least three times. Data from representative experiments are presented. To score the embryo/seed phenotypes, we randomly picked at least three siliques, phenotyped all embryos/seeds (>100) and calculated the percentages of each phenotype. Triplicates were performed to obtain averages with standard deviations. A one-way ANOVA Tukey's test was used for statistical analysis. Asterisks above the columns were used to indicate differences that are statistically significant (*P < 0.05) and very significant (**P < 0.01), respectively. In Table 1 , a two-way ANOVA analysis with Tukey's post-hoc test was performed to compare different mutants. Different letters written as superscripts after the averages are used to indicate differences that are statistically significant.
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SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article. Figure S1 . Exposed-embryo and raisin-like phenotypes of seeds from mpk6-3 single mutant plants. Figure S2 . Seeds from plants of homozygous mpk3 and heterozygous mpk6 (mpk3 mpk6/+) genotype do not have defective seeds. Figure S3 . Growth phenotypes of the mkk4 mkk5 double mutant. Figure S4 . Plants from mpk6 or mkk4 mkk5 seeds with burst-out embryos show delayed growth and development. Figure S5 . Abnormal first cell division of zygotes results in shorter basal cells in mpk6 and mkk4 mkk5 mutant plants. Figure S6 . The thicker hypocotyl morphology of mpk6 and mkk4 mkk5 mutant embryos is caused by reduced cell division and increased cell width. Figure S7 . Embryo phenotypes of the mpk6-3 mutant allele at different developmental stages. Figure S8 . Seed coats develop normally in mpk6 single and mkk4 mkk5 double mutant seeds with abnormal embryos. Figure S9 . Maternal influence of mpk6-3 mutation on embryo development. Figure S10 . Normal embryo development in F 2 generation from F 1 seeds of reciprocally crossed mpk6 single and mkk4 mkk5 double mutants. Figure S11 . Altered expression of DR5 and PIN1 reporters in defective embryos is associated with the maternal effect of mkk4 mkk5 plants. Figure S12 . Seeds from yda/+ heterozygous plants showed exposed-embryo and raisin-like defects. Figure S13 . Genetic analysis revealed that the embryo/seed defects in yda/+ plants are not a maternal effect.
